To evaluate the prognostic value of the QT interval and QT interval dispersion in total and in cardiovascular mortality, as well as in cardiac morbidity, in a general population.
Introduction
A number of studies have indicated that there is a relationship between mortality, a prolonged QT (or heart rate corrected QT (QTc)) interval, and increased QT interval (or QTc) dispersion, in coronary heart disease. Two epidemiological studies [1] [2] [3] have investigated the link between prolonged QTc and mortality in a general population with conflicting results, and only one study has evaluated the prognostic value of QTc in cardiac morbidity [3] . The association between increased QT interval dispersion, or QTc dispersion, and cardiovascular mortality or morbidity in a general population has not been evaluated. As prolongation of the QT interval or QTc may reflect ischaemic heart diseases [4] , increased QT interval dispersion -which may mirror discrepant repolarization characteristics of different areas of the heart [5, 6] -could indicate ischaemic disorders of the heart. Measurement of QT interval dispersion in this manner might enhance a non-invasive prognostic index. The aim of this study was to examine the relationship between mortality and morbidity, and the QT interval, QTc, QT interval dispersion, and QTc dispersion in a general population.
Methods

Study population
In 1982-1984 a random sample of 4807 individuals from the catchment area of Glostrup hospital (Copenhagen, Denmark) (individuals aged 30, 40, 50 or 60 years with equal gender distribution) were invited to participate in a population health survey study. Three thousand seven hundred and eighty one subjects (about 80%) agreed to participate [7] . The cohort consisted of approximately 450 subjects in each age and gender stratum. A detailed medical history was obtained by a structured interview, medical staff performed a physical examination, and a standard 12-lead electrocardiogram (ECG) was recorded. From our retrospective analysis, 28 subjects were excluded because of bundle branch block and 10 because of atrial fibrillation (only subjects in sinus rhythm were included). Seventy-eight subjects were not studied because of missing ECGs or their ECGs were not technically measurable. To avoid any confounding effect due to a reduction in the number of leads in which the QT interval was measurable, ECGs with less than nine measurable leads (n=210, 5% of all) were not included in the analysis. This resulted in a cohort of 1658 women and 1797 men.
Electrocardiographic measurements
The ECGs were obtained at a paper speed of 25 mm . s 1 , a gain of 10 mV and a paper format of 3 4. The interval measurements were obtained by two observers using a digitizing tablet (Cherry, Mk III Graphic tablet, resolution 0·1 mm) connected to a personal computer. The observers were blinded in respect of baseline information and survival data. The RR interval, the QJ interval, the QT interval and, in the presence of a U-wave, the QU interval were obtained from one complex in all measurable leads. The end of the T wave was defined as the point of return to the iso-electric line. In the presence of a U-wave, the end of the T-wave was defined as the point of the TU nadir. In case of a flat T wave or a TU merge without nadir, the end of the T wave could not be determined and the lead was excluded from measurements. The QT was adjusted for heart rate according to Bazett's formula [8] . The mean RR interval (the RR interval), mean QT interval (the QT interval), and the mean QTc (QTc) were calculated from all measurable leads in each ECG. QT interval dispersion and QTc dispersion were defined as the maximum difference between the QT interval and QTc, respectively, in any two leads. For the current study, the ECGs were retrospectively evaluated. QTc and QTc dispersion are given in ms 1/2 and QT interval and QT interval dispersion are given in ms.
Reproducibility
Because of the known difficulties concerning definition of the end of the T wave, reproducibility was assessed twice by the same observer (inter observer reproducibility), as well as by the two observers (intra observer reproducibility). In addition, ECGs found to have high (above 100 ms) and low (beneath 30 ms) QT interval dispersion were measured twice by the same observer.
End points
Information on all-cause mortality until December 1995 (follow up 13 
Data analysis
In addition to the total population, the following two subgroups were considered: A 'normal' subgroup consisting of 2269 participants without any known circulatory or other disease, not on any medical therapy, with blood pressure below 160/95 and with a normal ECG according to the Minnesota code [9] . A 'Cardiovascular' subgroup consisting of 821 subjects who, at the time of investigation, had had a myocardial infarction and/or angina pectoris, and/or claudicatio intermitens, and/or arterial hypertension, and/or diabetes mellitus and/or stroke and/or were in current medical therapy with nitrates and/or digoxin.
Differences between the two groups in discrete and continuous data were tested by the chi-square test and the Wilcoxon signed rank sum test, or by multiple regression methods. The data are presented as mean SD unless otherwise stated. The relative risk of an, 'all-causes' death or cardiovascular death was determined as a hazard ratio using a Cox proportional hazard regression model. The exposure variables in this study were the QT interval, QTc, QT interval dispersion and QTc dispersion. These variables were included in the separate models, together with possible confounder variables, known to be associated with mortality, and to prolonged QT interval/QT interval dispersion. These confounders were: age, gender, heart rate, arterial hypertension, previous myocardial infarction, angina pectoris and diabetes mellitus. Other explanatory variables known to be risk factors for cardiac mortality and morbidity were also included: smoking, and serum cholesterol. The exposure variable was included into the regression models as a discrete variable, where the lowest level of the value was used as the reference value. The cut-off points separated the lowest and the highest 10% of the values approximately. Proportional hazard assumptions were verified by inspection of log-log survival curves. All data analyses were performed on a personal computer with SAS software version 6.12.
Results
Demographic data
Demographic data and the measured ECG parameters in the total population and in the two selected subgroups are shown in Table 1 . Of the measured ECG parameters, QTc and heart rate were significantly higher in the 'cardiovascular' subgroup compared to the normal subgroup (P<0·05). Figure 1 shows the distribution of causes of death in the three groups. Figure 2 shows the distribution of reasons for hospitalization for those subjects who survived to be hospitalized for a cardiac reason (n=218, 20 out of the 238 with a cardiac event died before hospitalization). From the figure it is seen that the main reason for hospitalization was acute myocardial infarction. Hypertension=arterial hypertension; MI=myocardial infarction; *Indicates P-value below 5% comparing the cardiovascular subgroup with the normal subgroup. ns=not significant. 1 The P-values are calculated from multiple regression analyses to correct for different age and gender distribution in the different subgroups. increasing values of QTc and QT interval dispersion in the total population and in the cardiovascular subgroup. In normal subjects mortality from increasing values of QTc and QT interval dispersion is weak or absent. The figure reveals no clear cut-off point after which mortality increases dramatically.
All-cause mortality, univariate analysis
All-cause mortality and cardiovascular mortality, multivariate analysis
Proportional hazard regression models (Cox) were studied to evaluate whether the QT interval, QTc, QT interval dispersion, or QTc dispersion were independently indicative of mortality. Figure 2 The distribution of reasons for hospitalizing the 218 subjects who survived to be hospitalized for a cardiac reason. AMI=acute myocardial infarction. arterial hypertension, diabetes mellitus, current smoking, serum cholesterol and heart rate. Similarly, QTc as an indicator for total mortality has a relative risk of nearly 1·9, when comparing levels of QTc above 440 ms 1/2 are compared with levels in the range 310-380 ms 1/2 . QT interval dispersion indicated independent prognostic importance as regards total mortality (risk ratio 1·8, P<0·05) but this was not the case for QTc dispersion (risk ratio 1·5, P=0·1). Table 2 shows a similar analysis for cardiovascular mortality in the total population. All the exposure variables had independent prognostic value, but the 95% confidence intervals shows high uncertainty in the estimates of the risk ratios. Table 3 carries the same analysis for the subgroup of apparently healthy individuals. Here none of the exposure variables had independent prognostic value for total mortality. Because only 26 of the 140 deaths in this subgroup were of cardiovascular origin the data were not analysed for cardiovascular mortality. Table 4 shows the same multivariate analysis in the cardiovascular subgroup. QTc and the QT interval, as well as QTc dispersion and QT interval dispersion, all independently indicated total mortality, QT interval and QTc were independently indicative of cardiovascular mortality. QTc, the QT interval, QTc dispersion and QT interval dispersion carried no independent prognostic value for cancer mortality in either the total population or in the two selected subgroups. Table 5 shows the risk ratios and 95% confidence intervals of the QT interval, QTc, QT interval dispersion and QTc dispersion for the development of a fatal and a non-fatal cardiac event. The prognostic value of the QT interval, QTc, QT interval dispersion and QTc dispersion were all independently of value in demonstrating an 11-year cardiac fatality and non-fatal morbidity. In order to examine whether the QT interval and QT interval dispersion were still prognostically of value if only non-fatal cardiac morbidity was analysed for the total population, we performed the same analysis while excluding the 75 subjects who developed a fatal cardiac RR=risk ratio; 95%CI=95% confidence interval; QT dispersion=QT interval dispersion. 1 All risk ratios are adjusted for age, gender, myocardial infarction, angina pectoris, arterial hypertension, diabetes mellitus, serum cholesterol, smoking habits and heart rate by including these variables in the models. Abbreviations as in Table 2;   1 All risk ratios are adjusted for age, gender, serum cholesterol, smoking habits and heart rate by including these variables in the models. event. In Table 5 it is shown that the tendency in the results was the same. Table 6 shows that there was no independent prognostic information on either 'fatal or non-fatal cardiac events' or 'non-fatal cardiac events' in the normal subgroup.
Fatal and non-fatal cardiac morbidity, multivariate analysis
Influence of heart rate
Due to the known weakness of Bazett's formula, we have analysed the relationship between heart rate and the QT interval both before (QT interval) and after (QTc) correction for heart rate, and we have done the same for QTc dispersion and QT interval dispersion. Figure 4 shows the relationship between the QT interval, QTc, QT interval dispersion, QTc dispersion, and heart rate in the normal population. There was a significant negative correlation between the QT interval and heart rate (slope of regression line 0·25 ms . beats . min 1 , P<0·0001), and a significant positive correlation between QTc and heart rate (slope of regression line 0·21 ms 1/2 . beats . min 1 , P<0·0001). There were no Abbreviations as in Table 2 ; 1 All risk ratios are adjusted for age, gender, myocardial infarction, angina pectoris, arterial hypertension, diabetes mellitus, serum cholesterol, smoking habits and heart rate by including these variables in the models.
Table 5 The value of the QT interval, QT interval dispersion, QTc and QTc dispersion for development of cardiac fatal-and non-fatal morbidity in the total population
Fatal and non-fatal cardiac events (n=3455, events=238) Non-fatal cardiac events (n=3455, events=172) 
Reproducibility
The inter-observer and the intra-observer reproducibility, expressed as relative errors, are shown in Table 7 . There were no systematic differences in the repeated Abbreviations as in Table 2 ; 1 All risk ratios are adjusted for age, gender, serum cholesterol, smoking habits and heart rate. , P < 0·0001 β = -0·02 ms.beats.min -1 , P = 0·1 β Figure 4 The relationship between the QT interval, QTc, QT interval dispersion, QTc dispersion and heart rate in the normal subgroup. is the slope of the linear regression line. The P-value indicates whether the slope of the regression line differs significantly from zero and is calculated from an univariate linear regression model. measurements by the two observers. The results of re-analysing the 60 ECGs with high (above 100 ms) and low (under 30 ms) QT interval dispersion are shown in Fig. 5. The figure shows that (a) the inter-measurement error was the same for high and low QT interval dispersion values, and (b) that QT interval dispersion measured as above 100 ms can be measured as low as 40 ms by the next measurement and that QT interval dispersion measured as under 30 ms at the first measurement can be as high as 80 ms at the next measurement.
Discussion
There were two main findings in this study. (1) The QT interval, QTc, QT interval dispersion and QTc dispersion carried independent prognostic information as regards cardiovascular mortality in the general population. This information could also be found in subjects with known cardiovascular disease at the time of ECG recording, whereas it was absent in a subgroup of apparently healthy subjects. (2) Information about fatal cardiac and non-fatal morbidity in the general population was also evident from the QT interval and QT interval dispersion, but again only in subjects with pre-existing diseases; these findings were not in evidence in the subgroup of apparently healthy subjects.
Many studies have shown that subjects with ischaemic heart disease have increased levels of QT interval and QT interval dispersion compared to healthy controls [10, 11] . Sporton et al. [12] in a recent study showed that myocardial ischaemia induced by incremental atrial =Indicates ECGs with an initial QT interval value of 100 ms or above.
pacing provided a marked increase in QT interval dispersion in subjects with coronary artery disease, but normal values of QT interval dispersion at rest. Imbalances in the autonomic nervous system are associated with increased QT interval and QT interval dispersion [13, 14] . Increases in sympathetic drive are believed to be associated with increases in the risk of developing of atherosclerosis [15] . So it is very likely that the QT interval and QT interval dispersion could act as markers for clinical or sub-clinical ischaemic heart disease and thereby posses prognostic information on future fatal as well as non-fatal cardiac morbidity.
Total and cardiovascular mortality
The prognostic importance of QTc in total and cardiovascular mortality confirms previous findings from two studies from The Netherlands [2, 3] . During a 15-year follow up, Schouten et al. [2] found QTc to be an independent risk factor for total as well as cardiovascular mortality. However, data from the Framingham Heart Study failed to demonstrate the prognostic value of QTc in a 30-year follow-up [1] . The variations in the lengths of follow-up periods may explain the different outcomes. It is possible that QTc prolongation is an acquired indicator for heart disease, which is exhausted as a prognostic marker after some time. Unlike our results, Schouten et al. [2] found QTc to be predictive of death in a subgroup of individuals with no signs of coronary heart disease. The main difference between the results may be because we included heart rate in the multivariate survival models. If we omitted heart rate from the models QTc was found to be an independent predictor of all cause mortality in our normal subgroup.
This study is the first to report the prognostic value for total and cardiovascular mortality of QT interval dispersion in a general population. We found that prognostic information from QT interval dispersion was present among subjects with already known cardiovascular disease. The prognostic information was related to cardiovascular mortality as no ECG variables had prognostic value for cancer mortality, which is the other major cause of death.
Fatal and non-fatal cardiac morbidity
This is the first study to present the prognostic value of QT interval dispersion in cardiac morbidity. One previous study has dealt with the prognostic value of the QT interval and QTc in cardiac morbidity: In the Zupten study, Dekker et al. [3] had results very similar to ours. They examined QTc in 40-60 year old males and found a relative risk for a fatal or non-fatal myocardial infarction of 1·9 over 15 years of follow up for males, with a QTc above 420 ms 
Influence of heart rate
From previous studies it is known that heart rate is an independent predictor of death [16] . Heart rate is strongly related to the QT interval. The QT interval decreases as heart rate increases, and therefore heart rate is an important confounder to be included in the models which analyse the indeoendent prognostic value of the QT interval. If Bazett's formula for calculating the heart rate corrected QT interval (QTc) was ideal, we would not expect to find a relationship between QTc and heart rate. However, as shown in Fig. 4 , QTc varied significantly with heart rate, which indicates that Bazett's formula was not ideal to apply on our data. The inappropriateness of Bazett's formula has also been demonstrated in other epidemiological studies [17] . Therefore, heart rate must be included in the multivariate models, no matter whether it is the importance of the QT interval, or the importance of QTc, which is going to be studied.
It is not known whether QT interval dispersion should be corrected for heart rate. Animal studies, as well as studies in humans, have shown that QT interval dispersion decreases as heart rate increases [12, [18] [19] [20] . In this study we found no relationship between QT interval dispersion and resting heart rate. Nevertheless we think it is important to include the heart rate in multivariate models where QT interval dispersion or QTc dispersion are analysed, because of the importance by heart rate itself. Perhaps it is preferable to express 'dispersion' as QT interval dispersion rather than as heart rate corrected QT interval dispersion (QTc dispersion) to avoid the influence of Bazett's formula [21] .
Limitations of the study
The study was retrospective, but since necessary data were available on nearly every subject and the overall study was, in general, designed to analyse cardiovascular risk we consider the risk of bias caused by the retrospective design small. End-points in the study were derived from the moderate amounts of information available on death certificates and hospital discharge diagnoses. By such classification cardiac causes of death are often over-estimated [22] and cardiovascular diagnoses may not always be accurate [23] . Furthermore, only admission to hospital was included in the analysis of cardiac morbidity, and subjects who met the end-point morbidity criteria were probably those with the most severe morbidity.
Inaccurate determination of the end of the T wave is a well-known problem [24, 25] , which is well known to cause low levels of reproducibility in QT interval dispersion. In Fig. 5 , which shows the distribution of re-measured values of QT interval dispersion, there was a noticeable tendency of 'regression towards the mean', that is 'extreme' values of QT interval dispersion tended towards less extreme values when re-measured. Therefore it is likely that the importance of QT interval
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dispersion was underestimated in this study rather than indicating importance with no relation to reality.
The implication of this study is that the QT interval, QTc or the QT interval dispersion do not contribute important prognostic information about mortality and morbidity in healthy subjects. Such measurements should be restricted to subgroups with pre-existing disorders related to ischaemic heart disease. Among these subjects, QT interval as well as QT interval dispersion might add important prognostic information on future cardiovascular mortality and cardiac morbidity. Because of the many unsolved problems as regards standardization of QT interval measurement and a definition of QT interval dispersion, these values are still not of clinical use. Further studies are needed to address the link between ischaemic heart disease, mortality and QT interval/QT interval dispersion and to solve the methodological problems.
